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The Bacterial Cytoskeleton: In Vivo Dynamics
of the Actin-like Protein Mbl of Bacillus subtilis
and motility. Actin exists in an equilibrium between solu-
ble (G actin) and polymeric (F actin) forms. The dynamics
of actin polymerization/depolymerization are regulated
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by several factors: ATP binding and hydrolysis; theSouth Parks Road
chemical environment of the cytoplasm; and a host ofOxford OX1 3RE
actin binding proteins that nucleate, sequester, cleave,United Kingdom
crosslink, attach to membranes, stabilize, or destabilize
the filaments (reviewed by Korn et al., 1987; Schmidt
and Hall, 1998). Although the biochemistry of actin poly-Summary
merization in vitro is quite well understood, to under-
stand its behavior in cells required the application ofMbl is a bacterial actin homolog that controls cell mor-
cytological methods in live cells. Early studies with fluo-phogenesis in Bacillus subtilis. A functional GFP-Mbl
rescently labeled actin derivatives established that thefusion protein was used to examine the behavior of
labeled subunits can be rapidly (30 min) incorporatedthe helical cables formed by Mbl protein in live B.
throughout the native cytoskeleton after microinjection.subtilis cells. The cables undergo dynamic changes
More recently, photoactivation and particularly fluores-during cell cycle progression. They are stable but not
cence recovery after photobleaching (FRAP) methodsrigid while elongating in parallel with cell growth, and
have been used to study various parameters associatedthey require septum formation to divide/cleave. Fluo-
with actin dynamics in vivo. These experiments haverescence recovery after photobleaching (FRAP) analy-
provided values (half-time) for turnover of actin in vari-sis showed that the cables are continuously remod-
ous eukaryotic cell types that range from about 6 mineled during cell elongation. Turnover occurs along the
for actin in endothelial cells (McGrath et al., 1998) andlength of the helical Mbl filaments, with no obvious
5–10 min for actin in stress fibers (Kreis et al., 1982),polarity and a recovery half-time of about 8 min. These
down to about 30 s in rapidly moving motile cells (Theriotfindings have important implications for the nature of
and Mitchison, 1991).bacterial cell wall architecture and synthesis.
Application of FRAP to prokaryotes has been re-
stricted to a few studies of cell surface components andIntroduction
zonal growth in Salmonella (Schindler et al., 1980) and
protein mobility in the cytoplasm (Elowitz et al., 1999)The characteristic shapes of bacterial cells have been
or lateral diffusion and compartmentalization of the peri-used for phylogenetic purposes for many decades. The
plasm (Brass et al., 1986; Foley et al., 1989) in E. coli.main determinant of cell shape in most eubacteria lies
Recently, it was used to demonstrate the rapid assemblyin the tough, highly crosslinked peptidoglycan cell wall.
dynamics of E. coli FtsZ, the prokaryotic homolog ofPurified cell wall sacculi tend to retain the shape of the
tubulin (Stricker et al., 2002). Here we use FRAP and acells from which they were derived, and removal of the
variety of microscopic approaches to study the dynam-wall results in loss of cell shape, usually with the cata-
ics of the cytoskeletal structures formed by Mbl in livestrophic consequence of cell lysis. However, recently,
B. subtilis cells.
the MreB and Mbl proteins of B. subtilis, which are re-
quired for cell shape determination, were shown to form
Results
cytoskeletal actin-like filaments (hereafter to be called
“cables,” by analogy to the actin cables of yeast cells).
A Fully Functional GFP-Mbl Fusion
This strongly suggested that bacterial cell shape is de- We previously reported that fusion of green fluorescent
termined by an actin-like cytoskeleton. The crystal protein (GFP) to the C terminus of Mbl resulted in a
structure of an MreB family member from Thermotoga partially nonfunctional protein (Jones et al., 2001). We
maritima (van den Ent et al., 2001) then confirmed the therefore constructed a fusion at the N terminus. The
earlier suggestion of Bork et al. (1992) that these proteins fusion gene was placed at an ectopic locus (amyE) under
are structural, as well as functional, homologs of eukary- control of the xylose-inducible promoter Pxyl. This fusion
otic actins. Recently, a plasmid-encoded protein from was shown to be functional as judged by its ability to
this family was shown to be involved in forming cyto- complement the mbl mutant phenotype. Thus, cells
plasmic filaments that help to segregate the plasmid expressing gfp-mbl in an mbl background recovered
(Møller-Jensen et al., 2002). the wild-type cell shape (Figure 1A, phase), and the
Although some work has been done on the biochemi- fusion protein showed a helical pattern of localization
cal properties of the Thermotoga and plasmid-encoded (Figure 1A, GFP) similar to that of Mbl visualized by
bacterial actin proteins (Møller-Jensen et al., 2002; van immunofluorescence microscopy (Figure 1B) or by the
den Ent et al., 2001), virtually nothing is known about partially functional fusion of GFP to the C terminus of
the dynamics of these proteins in vivo. In eukaryotes, Mbl (Jones et al., 2001).
the actin cytoskeleton plays a critical role in various
processes but particularly in determination of cell shape Mbl Cables Are Dynamic Structures
To visualize the dynamics of the GFP-Mbl filaments,
we initially used time-lapse microscopy of growing B.*Correspondence: jeff.errington@path.ox.ac.uk
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Figure 1. Helical Localization and Dynamics of GFP-Mbl in Bacillus subtilis
(A and B) Subcellular localization of GFP-Mbl.
(A) Phase contrast and epifluorescence microscopy of cells of strain 2523 (mbl, amyE::Pxyl- gfp-mbl) grown to midexponential phase in S
medium at 37C and immobilized on an agarose-coated microscope slide. The upper and lower panels show cells grown in the absence (xyl)
and presence (xyl) of inducer, respectively.
(B) Immunofluorescence microscopy of endogenous Mbl in fixed cells of wild-type strain 168 grown in S medium at 37C. The scale bars
represent 4 m.
(C–E) Time-lapse microscopy of GFP-Mbl dynamics. Cells of strain 2523 were grown to midexponential phase in PAB medium containing
inducer (1% xylose) at 37C, and samples were immobilized on microscope slides coated with 1.2% agarose.
(C) Four hour time course at room temperature monitored every 30 min. The columns show, as indicated, phase contrast images, fluorescence
from GFP-Mbl, and an overlay of the two. The crosses indicate fragmentation of the helical structures at about the time of division.
(D and E) Phase contrast and 15 min (D) or 30 min (E) time-lapse fluorescence frames of cells growing at 37C. The dotted lines show filaments
that appeared to change their bending and orientation. The asterisks show fluorescence points that appeared and disappeared from the focal
plane. The arrows show apparent lateral slippage of the helical structures inside the rod-shaped cells. The scale bars represent 2 m.
subtilis cells. Figure 1C shows an example of a typical visualized when these time course experiments were
animated (see Supplemental Movie 1 at http://www.experiment in which images were taken every 30 min.
The Mbl helical filaments appeared to be dynamic struc- developmentalcell.com/cgi/content/full/4/1/19/DC1).
A more detailed examination of time-lapse imagestures that grow and divide in parallel with cell cycle
progression. Clearly, growth did not involve complete showed that, besides elongation and division, Mbl ca-
bles changed curvature and orientation over the coursedisassembly and reassembly of the cables, as they
could be detected continuously throughout the course of several minutes (dotted lines in Figures 1D and 1E),
suggesting that they may rotate inside, or together with,of a cell cycle. A simple interpretation of our time course
experiments would be that the cables, which run the the cell wall. It was also evident from variations of the
fluorescence signal over time that the filaments werelength of the cylindrical part of the cell, extending in
some cases into the poles (visible in the overlay images), moving into or out of the plane of focus (asterisks in
Figure 1D) while new helical turns were added as theenlarge continuously in parallel with cell elongation
(frames 1–3). Before or during cell division, Mbl cables structures grew and elongated (arrowheads in Figures
1D and 1E). Finally, abrupt lateral movements of theare cleaved and separated into the newborn cells
(frames 3–5, dividing crosses), where they elongate helical filaments inside the cylinder were observed,
mainly after the cell appeared to have divided (arrows(frames 5–8) and later on divide again (frames 7–9,
crosses). The dynamic nature of the helices was further in Figures 1D and 1E).
Dynamics of Mbl in B. subtilis
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Table 1. Helical Pitch of Mbl Cables under Different Growth and Detection Conditions
Localization
Strain and genotype Growth medium methoda Measurement n Helical pitchb
168 (wild-type) S IF Average 33 1.7  0.28
Class Ic 15 2.4  0.30
CH IF Class IIc 29 1.7  0.16
Average 70 2.1  0.71
BB11 (Pspac-ftsZ) CH IF Average 13 1.7  0.17
2523 (mbl amyE::Pxyl-gfp-mbl) S GFP Average 32 1.56  0.20
a IF, immunofluorescence microscopy; GFP, GFP fluorescence microscopy.
b See Experimental Procedures.
c Cells with one (I) or two (II) full helical turns of the Mbl cables.
In an attempt to describe the precise pathway through Mbl Cables Require the Cell Wall to Maintain
Their Correct Helical Configurationwhich these structures are generated and grow around
the periphery of the cell, two-dimensional projections It seemed possible that the precise helical geometry of
the cables might be determined, at least in part, by pres-of the GFP-Mbl structures (e.g., Figures 1C–1E) and
stacks of optical sections together with their three- sure from the enveloping cylindrical cell wall. To test this,
we treated cells containing GFP-Mbl cables with lyso-dimensional reconstitution (not shown) were exhaus-
tively analyzed. Unfortunately, the absence of fixed ref- zyme, under isotonic conditions, to form rounded proto-
plasts. As shown in Figure 2F, the helical pattern was losterence points on the surface of the cells made it difficult
to distinguish between intrinsic movement of the helical in protoplasts, although the cables did not completely
disassemble, and fragmented assemblies, arcs and dots,cables (apparently sliding and rotation, as indicated in
Figures 1D and 1E) and movement (rotation) of the cell appeared to remain attached to the membrane. It is
possible that the shock of protoplasting damages theitself, during growth (see below).
cells in a way that results in partial disassembly of the
cables. However, because the cells remain quite viable
Mbl Helical Cables Are Flexible and Can Change under these conditions, it seems likely that the helical
Configuration during Cell Growth geometry taken on by the cables requires restraining
To understand better the behavior of Mbl cables during forces exerted by the cylindrically shaped cell wall.
cell growth, we measured the helical dimensions relative
to cell length under various growth conditions. For these
experiments, we mainly used immunofluorescence (IF) Division of Mbl Cables Requires
Septum Formationstaining of wild-type cells because the appearance was
more uniform than with GFP-Mbl and it ensured the To address the questions of how and when the Mbl
cables divide during the cell cycle, cells of strain 2523correct level of protein expression. In minimal medium
(S), the cables had a relatively constant pitch of 1.7  (mbl, Pxyl- gfp-mbl) were grown to exponential phase
in CH medium. Under these conditions, cell separation0.28 m, as we reported previously (Jones et al., 2001).
However, in rich medium (CH), in which cells grow faster tends to lag behind septum formation and the cells stay
together in chains. Samples were taken and examinedand are longer (Sharpe et al., 1998), the average pitch
was longer and the distribution was more variable (2.1 by fluorescence microscopy. Figures 2A and 2B show
the green fluorescence images from GFP-Mbl, the red0.71; Table 1). It was noticeable that the cables appar-
ently extended into the cell poles independent of cell fluorescence from the membrane stain FM4-64, which
shows the location of division septa, and the side-to-length, and also that longer cells tended to have about
two full helical turns, and shorter cells only one turn. side images from both channels. GFP-Mbl cables ex-
tended lengthwise across the cells but they were notTable 1 shows that the average helical pitch for the class
I (i.e., one helical turn) cables was considerably greater continuous along the length of the chain. Gaps were
observed where a septum had been formed. In enlargedthan for the class II cables (two turns). This showed that
the helical pitch can change during cell cycle progres- images (Figure 2C), most of the Mbl cables appeared
to extend right to both division sites (i.e., future polession, as was also apparent in some of the time-lapse
images of GFP-Mbl cables (e.g., Figure 1E, dotted lines). of a cell in the chain), but at the division site they ap-
peared to be broken.Measurement of GFP-Mbl cables grown in S medium
containing 0.8% xylose showed that they had similar To test whether cleavage of the Mbl cables was de-
pendent on cell division, Mbl localization was examineddimensions to those of the wild-type Mbl cables in the
same medium (Table 1). However, in other experiments, in FtsZ-depleted cells, in which the cells fail to divide,
leading to the formation of long, aseptate filamentswe found that the helical pitch of the GFP-Mbl cables
could be increased or decreased by altering the level (Beall and Lutkenhaus, 1991). GFP-Mbl helical struc-
tures appeared to be continuously and uniformly distrib-of expression of the fusion protein (data not shown).
These observations confirmed that the helical structures uted throughout the length of the ftsZ filamentous cells
(i.e., over the potential sites of cell division) with nodo not have a rigidly defined geometry and can accom-
modate changes in configuration during growth. apparent gaps (Figure 2D). These long Mbl structures
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Figure 2. Dynamic Interactions between the Mbl Cables and the Cell Wall
(A–E) Fragmentation of Mbl cables requires septum formation.
(A–C) Cells of strain 2523 (mbl, amyE::Pxyl- gfp-mbl) were grown to exponential phase in rich PAB medium at 37C. (Note that, in these rapidly
growing cultures, cells are growing in chains in which the division septa have been formed, but cell separation has not yet occurred). The
columns show, as indicated, phase contrast images, fluorescence from GFP-Mbl, fluorescence from the membrane stain FM4-64, and side-
to-side juxtaposition of the two fluorescence images. Arrows in (B) point to gaps in the GFP-Mbl filaments (a, b, and c) corresponding to sites
of septation, which are shown at higher magnification in (C).
(D and E) Localization of Mbl in filamentous cells depleted for the essential cell division protein FtsZ.
(D) GFP-Mbl in live cells of strain 2524 in the presence of xylose (0.8%) in PAB medium at 37C.
(E) Immunofluorescence staining of Mbl in fixed cells of strain BB11 grown in CH medium at 37C, 4 hr (a) or 2 hr (b and c) after the removal
of FtsZ inducer.
(F) Fragmentation of Mbl cables in spherical protoplasts of strain 2523. The scale bars represent 4 m.
were not an aberrant feature of the GFP-Mbl fusion pro- also in agreement with our previous measurements in
wild-type cells (Table 1). We concluded that the Mbltein inside filamentous cells, as similar results were ob-
tained by immunofluorescence microscopy of wild-type actin-like cytoskeleton acts independently of the cell
division apparatus but that it requires the cytokinetic ZMbl in FtsZ-depleted filaments (Figure 2E). GFP-Mbl
structures covered the cylindrical part of the nonsep- ring to fragment.
To further analyze the dependence of filament frag-tated cells in all phases of growth, either in shorter fila-
ments obtained 2 hr after ftsZ depletion (panels b and mentation on cell division, GFP-Mbl was localized in
filamentous cells blocked at a later stage of cell divisionc in Figure 2E) or in longer filaments obtained 4 hr after
depletion (panel a in Figure 2E). The mean helical pitch by depletion of the penicillin binding protein PBP 2B
(Daniel et al., 2000). Although occasional breaks in theof the Mbl helical structures in the immunostained fila-
ments (1.70 m  0.17 m, based on measurements Mbl cables were detected in PBP 2B-depleted cells,
these were invariably located at sites where rare septaon filamentous cells grown in CH medium at 37C) was
Dynamics of Mbl in B. subtilis
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Figure 3. FRAP Analysis of GFP-Mbl Dy-
namics
Cells of strain 2523 (mbl, amyE::Pxyl-
gfp-mbl) were grown at 37C in PAB medium
supplemented with 0.8% xylose, washed, re-
suspended in xylose-free medium, and im-
mobilized on agarose-coated slides with no
xylose.
(A) FRAP image sequence. The first two
frames show phase contrast and GFP im-
ages, respectively, 0.5 min before photo-
bleaching (0.5). The next frame shows the
high-intensity laser photobleaching of a rect-
angular region covering the lateral half of a
cell (t0). The following frames monitor recov-
ery of the fluorescence in the bleached region
at the times indicated (min). The scale bar
represents 1 m.
(B and C) Quantitation of the FRAP sequence
from (A). Averaged fluorescence intensity
was measured for each time point in a region
within the bleached region (1), in a region of
the same dimensions within the unbleached
other half of the cell (1), and throughout the
cell (1), as indicated in (B), and plotted as a
function of time (min) in (C) (1, open circles;
1, closed circles; 1, diamonds and dashed
line).
(D–F) FRAP analysis of an unbleached cell
(D), an entirely bleached cell (E), and three
partially bleached cells (F) in the presence of
chloramphenicol (CAM).
(G–I) Single scannings across the field were
collected automatically every 30 s during the
first 40 min after photobleaching.
(G) FRAP of the Mbl filaments in three differ-
ent cells of the same field, indicated as 1, 2,
and 3 in the phase contrast image.
(H and I) Plot of the recovery of fluorescence
in cell 2 of (G). For each time point, fluores-
cence intensity was measured and averaged
in a region of the same dimensions (ellipse,
1.21 m2 ) within the bleached fraction (2) and within the two contiguous unbleached fractions (2a and 2b), as indicated in (H).
(I) Plot of fluorescence intensity as a function of time (min), corrected for background brightness and total GFP fading over the imaging period
(2, triangles; 2a, closed diamonds; 2b, open diamonds). The arrow indicates the high-intensity laser pulse. Lines were fitted to illustrate
the possible biphasic recovery kinetics. The scale bars represent 2 m.
had been formed (data not shown). We concluded that region was easier to follow. A preliminary FRAP experi-
ment in which several cells in a large field were bleachedfragmentation of the Mbl cables occurs late in division
and then followed for a protracted period is shown inand requires septum formation.
Supplemental Movies 2 and 3. This showed that the
cells could be maintained through several cell cycles
Continuous Remodeling of Mbl Cables and that partial or complete bleaching of cells did not
during Cell Growth significantly affect cell viability. Figure 3A shows a de-
To investigate whether the GFP-labeled Mbl cables have tailed analysis of the results of a typical FRAP experi-
a polarity and whether they undergo subunit turnover, ment in which a longitudinal portion of a cell with several
we used FRAP. In these experiments, intense laser irra- clear turns of the Mbl helical cables was bleached and
diation is used to irreversibly photochemically alter the recovery was followed. The cells were immobilized on
GFP so that it no longer fluoresces, though the protein an agarose-coated slide in the absence of xylose, condi-
remains present and the fusion proteins remain active. tions in which de novo synthesis of GFP-Mbl was negligi-
Evolution of the bleached region and exchange between ble (data not shown; see also below). t0 shows the appli-
the bleached and unbleached populations of the fluoro- cation of the high-intensity laser bleaching, and panels
phore can then be monitored, providing information on to the right show the recovery with times in min after
the dynamics of the endogenous protein in vivo (re- bleaching. In the prebleaching image (0.5), the target
viewed by Reits and Neefjes, 2001; White and Stelzer, area contained four clear transverse bands of GFP-Mbl.
1999). Slowly growing cells were used for most of these Immediately after bleaching, the left-hand borders of all
experiments because we found that movement of the four bands remained visible but the right-hand portions
of the bands were gone. Strikingly, partial recovery ofcables was reduced, so the evolution of the bleached
Developmental Cell
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the bleached bands was evident after 5 min of recovery, observed in the bleached region (2), until the same
total average fluorescence was reached in all regions.and by 15 min there was no visible difference between
the left and right halves of the bands. Following recov- In this and several other experiments, at 37C the mean
t1/2 was 8.5  1.5 min (n  16). Detailed examination ofery, all four of the original bands were visible, although
their precise geometries were slightly altered. the kinetics suggested a biphasic behavior, with an early
phase of rapid recovery accounting for 30%–40% ofTo quantitate the recovery process, averaged fluores-
cence intensity was measured over time within the the total fluorescence recovery, followed by a slower
recovery rate, of the order of several minutes (see line fitsbleached region (1 in Figure 3B), an unbleached sur-
rounding region (1), and throughout the whole cell (1), in Figure 3I), suggesting the presence of two dynamically
distinct populations of Mbl.and plotted (Figure 3C). Cells that had been completely
bleached, and nonphotobleached cells included in the
same field (not shown), were used as controls to correct
Absence of Overall Polarity in Growthfor the fading of the GFP and for residual de novo GFP
of Mbl Cablessynthesis. The total fluorescence fell dramatically at t0 The above experiments suggested that GFP-Mbl cablesin the bleached area (1), before immediately starting
do not undergo polarized growth, because this shouldto recover. Total fluorescence in the unbleached region
have been evident in a polarity of recovery of fluores-(1) also decreased a little at t0, probably due to a fast cence. To examine this further, FRAP studies of GFP-moving population of GFP-Mbl molecules that did not
Mbl were also performed in filamentous cells made byremain in the evanescent region for the entire duration
depletion of FtsZ, as above. In the experiment illustratedof the bleaching pulse, and it continued to decay, pre-
in Figure 4, a large (39 m2 ) segment of a cell filamentsumably by exchange between the bleached and un-
was photobleached. No obvious polarity or gradient wasbleached areas. Within 30 min, the same total average
evident in the fluorescence during recovery, either influorescence was reached in both regions, and through-
the time-lapse images (Figure 4A) or in correspondingout the cell (1), and it then remained constant, confirming
quantitative intensity profiles (Figure 4B). These showedthat new synthesis of fluorescent molecules was negligi-
that unbleached GFP-Mbl molecules diffused equallyble under these conditions (Figure 3C). The final fluores-
into the bleached zones from both sides of the Mblcence did not reach the prephotobleaching levels be-
filaments, until equilibrium was reached. The kinetics ofcause of the lower pool of fluorescent GFP-Mbl subunits
GFP-Mbl fluorescence recovery appeared to be similarafter bleaching. Similar results were obtained with many
to those of the wild-type cells described above (notother cells with different patterns of bleaching (not
shown).shown).
As a further test of the rapid remodeling and absenceTo confirm that the recovery process was due to ex-
of polarity of growth of the Mbl cables, FtsZ-depletedchange between bleached and preexisting unbleached
filaments were prepared of a strain containing wild-typemolecules, we did similar bleaching experiments in the
mbl together with an inducible gfp-mbl fusion. Filamentspresence of chloramphenicol (CAM). Blocking de novo
growing in liquid in the absence of inducer were placedprotein synthesis with CAM did not significantly affect
on agarose slides supplemented with 1% xylose, andthe helical pattern of localization of GFP-Mbl (Figure
the distribution and timing of the appearance of fluores-3D), but it completely prevented the recovery of fluores-
cence were monitored. GFP-Mbl appeared to be incor-cence of the Mbl cables in entirely photobleached cells
porated uniformly into the endogenous Mbl helical struc-(Figure 3E). However, when only a region of the cell was
tures throughout the length of the filamentous cells.photobleached (Figure 3F), the Mbl cables did recover
Again, no polarity of growth and no obvious preferentialtheir fluorescence and the outcome of the FRAP experi-
incorporation of the GFP-Mbl molecules from either sidement was similar to that obtained in the absence of
of the Mbl filaments could be detected (results notCAM.
shown).
Kinetics of Mbl Cable Remodeling
To determine the kinetics and the half-time of the fluo- Discussion
rescence recovery more precisely, a series of FRAP ex-
periments resembling those of Figures 3A–3C were We have used a fully functional GFP-Mbl fusion to study
the dynamics of Mbl protein in living bacterial cells.done, in which fluorescence intensity was measured for
a bleached region and the two contiguous unbleached Three principal new findings have emerged from this
work. First, the Mbl cables are highly dynamic structuresregions every 30 s over the first 30 min after photo-
bleaching. In the typical experiment shown in Figures that are continuously remodeled during growth and divi-
sion, in an actin-like manner. Second, the cables are3G–3I, three cells were bleached and allowed to recover
(Figure 3G). The kinetics of recovery for the regions relatively flexible structures, the overall shape of which is
determined by an interplay between the intrinsic helical(indicated in Figure 3H) of one of these cells are plotted
in Figure 3I. Corrections were made for background shape of the cables and restraining forces exerted by
the preexisting cell wall cylinder, and by formation of thebrightness, changes in focus, and additional bleaching
by the low-intensity imaging illumination. The decay rate division septum. Third, the dynamics of cable turnover in
vivo are qualitatively similar to those of actin, reinforcingobserved in the surrounding unbleached regions (2a
and 2b in Figure 3H) after the bleaching pulse appeared the notion that the MreB family of bacterial proteins is
functionally homologous to actin.to be directly proportional to the fluorescence recovery
Dynamics of Mbl in B. subtilis
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Figure 4. Lack of Polarity of Mbl Cable Growth as Revealed by FRAP Analysis in Filamentous Cells
Cells of strain 2524 (Pspac-ftsZ, amyE::Pxyl- gfp-mbl) were depleted for FtsZ by removal of IPTG, at 37C in CH medium supplemented with
0.8% xylose. FRAP analysis was performed in samples immobilized on agarose slides containing S medium and 1% xylose.
(A) Time-lapse sequence labeled as for Figure 3. The scale bar represents 4 m.
(B) Corresponding intensity profiles. Shaded vertical lines represent the relative intensity at points along the cell filament.
Mbl Cables Probably Correspond to Protofilament filamentous cells, the t1/2 values obtained for fluores-
cence turnover in the cables were in the range of 7–10Bundles with Actin-like Dynamics
We previously reported that B. subtilis cells growing in min. These values turn out to be very similar to those
obtained for actin filament turnover in eukaryotic cells.CH medium contained about 13,000 molecules of Mbl
per cell (Jones et al., 2001). Given the dimensions of the Thus, FRAP analysis of microinjected rhodamine-actin
in living endothelial cells gave a t1/2 value of 6 minMbl cables reported by Jones et al. (2001), and assuming
that Mbl makes linear protofilaments with a longitudinal (McGrath et al., 1998), and Kreis et al. (1982) reported
a t1/2 value of 5–10 min in actin stress fibers. This lendsspacing of 51 A˚, as for Thermotoga MreB (van den Ent
et al., 2001), we calculate that there is 10-fold more Mbl further support to the notion that the bacterial MreB
proteins are functional homologs of eukaryotic actins.than would be needed for cables composed of single
protofilaments. Because the background fluorescence
in cells with GFP-Mbl appears very low compared with The Overall Morphology of Mbl Cables Is
Determined by Dynamic Interactionsthe signal from the cables, we suggest that the cables
are multistranded structures, probably corresponding with the Cylindrical Cell Envelope
The dynamic properties of the Mbl cables suggest thatto bundles of relatively short protofilaments. The fact
that the brightness of the structures could be altered they are unlikely to be rigid enough to maintain shape
directly. Two lines of evidence were consistent with theirby varying the level of induction of the gfp-mbl gene
(data not shown) also accorded with the structures being overall 3D configuration being influenced by extrinsic
forces. First, when the cell wall was removed the helicalable to accommodate varying amounts of protein, rather
than being composed of single protofilaments. form was disrupted, with only spots and short arcs re-
maining (Figure 2F). Second, experiments with mutantsThe GFP-Mbl induction experiment and all of the
FRAP experiments suggested that the cables are dy- in which division could be blocked clearly showed that
the cables are severed as a very late step in cell division.namic structures, that they grow via a continuous re-
modeling process, and that there is no overall polarity. Given the dynamic turnover of the filaments, the division
septum could simply slide through the cables as theyBy analogy to actin, single protofilaments would be ex-
pected to have a polarity, with different assembly kinet- turn over. Interestingly, when Mbl is overproduced, it
leads to shape abnormalities, such as branching, andics at the “pointed” (slow-growing) and “barbed” (fast-
growing) ends (Korn et al., 1987). However, if the cables this was associated with an altered helical pitch of the
filaments (data not shown). Overall shape could there-are indeed composed of bundles, and turnover and
growth occur by lateral association/dissociation of pre- fore be determined by a dynamic interplay between the
Mbl protein and restraining influences exerted by theformed oligomeric protofilaments from a soluble pool,
polarity might not be apparent. The cytoplasmic pool enveloping cell wall. Nevertheless, the overall structure
of the cables is presumably determined, at least in part,does indeed appear to be oligomeric (R.C.-L., unpub-
lished data). Continuous exchange between a pool of by information, that is, “intrinsic curvature,” in the puta-
tive protofilament bundles. This could explain why thesoluble monomeric or oligomeric protofilaments and the
helical cables could also explain the dynamics observed cables of MreB protein of B. subtilis have a different
helical configuration with a shorter pitch (Jones et al.,in the FRAP experiments. Such a model would be very
similar to that proposed for actin cables in yeast (Kar- 2001). However, other models remain possible, for ex-
ample, that the overall configuration is determined bypova et al., 1998) and for the dynamics of the FtsZ ring
of bacterial cell division (Stricker et al., 2002). interacting proteins that are targeted to sites with an
appropriate specific geometry in the cell membrane.In a series of experiments with either normal cells or
Developmental Cell
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The Nature of Mbl Cable Growth and Its
Implications for Controlled Cylindrical
Cell Wall Growth
Previous experiments examining cell populations by im-
munofluorescence showed that Mbl cables extend more
or less from pole to pole, independent of cell length
(Jones et al., 2001). This strongly suggested that the
cables must elongate continuously in proportion with
cell elongation. However, measurements of the helical
pitch of the cables in cells of various sizes and at differ-
ent growth rates showed that the pitch remains relatively
constant. An interesting consequence of these observa-
tions is that the two ends of any given cable must rotate
relative to each other, so as to accommodate extra heli-
cal turns in each cell cycle. Time-lapse experiments lent
strong support to these ideas. Rotation of the cables
could either be accompanied by congruent helical
growth of the surrounding cell, or else, the filaments
must slide relative to the cell surface during growth. The
time-lapse experiments strongly supported the latter
idea, as movements of the cables were much more
prominent than of the cell bodies in the time-lapse Figure 5. Model for Mbl-Dependent Insertion of New Cell Wall Ma-
terialimages.
For details, see Discussion.Mendelson has demonstrated conclusively that
growth of B. subtilis is accompanied by helical twisting
of the cell wall. He has suggested that the helical torsion
may reflect an underlying pattern of insertion of wall multilayered fabric composed of layers of material, each
material (Mendelson, 1976). We suggest that the helical of which is inserted at an angle to the previous overlying
cables of Mbl and MreB direct the insertion of new wall layer (Figure 5D). One attractive feature of this model
material in the pattern needed to explain the Mendelson would be that the resultant meshwork structure should
results. This would be in complete accordance with the be more resistant to shearing forces than a structure in
role of these proteins in cell shape determination re- which the stress bearing fibers are inserted in a highly
vealed by the mutant phenotypes (Jones et al., 2001). parallel manner. We are currently testing this model by
If correct, the notion of helical insertion of new peptido- investigating how the MreB and Mbl proteins control
glycan (PG) has interesting implications but also poses the insertion of new wall material. However, it is very
a number of problems. It is well established that the attractive to suppose that the MreB/Mbl cables control
cell wall sacculus of B. subtilis grows as a multilayered the subcellular localization of one or more key compo-
structure in which new material is deposited close to nents of the cell wall synthetic machinery, such as the
the cell membrane. This material then migrates outward PBPs, potentially comprising organized peptidoglycan
during growth, and is removed by autolytic activity at factories, by analogy to the localized sites of DNA and
the cell surface. The model in Figure 5 shows how Mbl RNA synthesis in many cell types (Cook, 1999).
could direct the insertion of new wall material at the cell
membrane in a right-handed helical pattern (Figure 5A). Experimental Procedures
(For simplicity, only one of the two Mbl cables is shown
Bacterial Strainsand the likely involvement of MreB is ignored.) This inser-
To create a fusion of GFP to the N terminus of Mbl, the PCR-tion could be directed in any of a number of ways. For
amplified mbl gene was inserted between the BamHI-EcoRI sitesexample, the glycan strands could be inserted colinearly of plasmid pSG1729 (Lewis and Marston, 1999) to generate plasmid
with the helical cables, or they could be inserted in the pSG4522. This plasmid was transformed into wild-type B. subtilis
form of parallel bundles of strands at right angles to the cells, with selection for spectinomycin resistance (50 g/ml) to give
cables. As the cell grows, the newly inserted helical PG strain 2522, which contains both the natural copy of mbl and a
second, xylose-dependent copy of mbl fused to gfp and located atwould need to stretch along the long axis of the cell.
the amyE locus. To disrupt the native mbl gene, an internal pieceThis would inevitably generate torsional stress in the
of the gene was cloned into the integrating plasmid vector pMUTIN4direction of helix unwinding, and thus a helical rotation
(Vagner et al., 1998). Transformation of B. subtilis 168 with this
in the cell envelope, in the opposite (left-handed) direc- plasmid gave strain 2501. Chromosomal DNA of this strain was used
tion to the growth of the Mbl helical cable. As a conse- to transform strain 2522 to produce strain 2523 (trpC2 	(amyE::Pxyl-
quence of the opposite directions of rotation of the ca- gfp-mbl, spc) 	(mbl::pMUTIN4, erm)).
bles and overlying cell wall layers, the cables effectively To examine the subcellular localization of Mbl in FtsZ-depleted
filamentous cells, strain BB11 (Beall and Lutkenhaus, 1991), whichscan over the inside surface of the cell membrane, facili-
contains ftsZ under control of the IPTG-inducible Pspac promoter,tating the generation of a uniform new layer of wall
was transformed with chromosomal DNA of strain 2522, with selec-material. The next new layer of PG (darker gray) would
tion for spectinomycin resistance (50 g/ml) to give strain 2524
again be inserted at a short helical pitch defined by the (trpC2 	(Pspac-ftsZ) 	(amyE::Pxyl-gfp-mbl, spc)). To examine the lo-
Mbl cable, but this would not now lie parallel to the calization of Mbl in PBP 2B-depleted filamentous cells, plasmid
previous layer (Figure 5B), and so on for subsequent pRD311 (R. Daniel, personal communication), which contains the
N-terminal portion of pbpB cloned into pSG441 (bla aph-A3 Pspacnew layers (Figure 5C). Ultimately, the result could be a
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lacI; Illing and Errington, 1991), was transformed into strain 2522, of the dish. Live B. subtilis cells expressing the xylose-inducible
GFP-Mbl fusion protein were placed onto the agarose slide coveredwith selection for kanamycin resistance to give strain 2526, which
contains pbpB under control of Pspac and gfp-mbl under control with a second coverslip and sealed in a humid atmosphere.
Cells were selected under Nomarski illumination and positionedof Pxyl.
in the center of the field of view. Laser intensity was cut to 5% so
that cells were extremely dim or invisible in red fluorescence atGeneral Methods
the beginning of the experiment (i.e., before photoinactivation). TheMethods for growth of B. subtilis, transformation, selection of trans-
region of interest (ROI) to photobleach was defined and the rest offormants, etc. have been described extensively elsewhere (e.g.,
the field was masked with a red long-pass filter. A light pulse ofMarston and Errington, 1999). Protoplasts of exponentially growing
100% of intensity of the 488 nm laser was applied to the nonmaskedcells were prepared as described by Wu and Errington (1998).
ROI. The duration of the maximum laser power and the subsequent
imaging radiation were experimentally determined for every speci-Growth Conditions
men depending on the GFP brightness and other optical parametersB. subtilis strains were grown to midexponential stage from a fresh
(i.e., zoom and iris aperture). Typically, the duration of the photo-overnight plate at 37C in PAB (oxoid antibiotic medium number 3),
bleaching pulse was the shortest needed to give a complete photo-then diluted back to an OD600 of 0.01–0.04 in either warm PAB,
inactivation of the GFP fluorophore in the Mbl filaments (i.e., fluores-hydrolyzed casein (CH) medium (Partridge and Errington, 1993), or
cence reduced to the background level). During the recovery phase,in modified S medium (Sharpe et al., 1998) and allowed to grow at
the imaging radiation was about 6%–10% of maximum. In general,37C with vigorous shaking. Selection pressure (1 g/ml erythromy-
the lowest power and the minimal image averaging to allow a high-cin) was always kept when growing cells of strains 2501 and 2523.
resolution image of the Mbl structures were used.gfp-mbl expression was induced by addition of 0.5%–1% xylose to
Data acquisition was automated and controlled with Laser-the culture media. Chloramphenicol was used at a final concentra-
Sharp2000 software (Bio-Rad) interfaced to the optical devices andtion of 100 g/ml.
laser shutter. The probe excitation light was provided with a 488For FtsZ and PBP 2B depletion experiments, strain 2524 and
nm lamp (25 mW Ar laser), using the HQ515/30 emission filter. Forstrain 2526, respectively, were grown to an OD600 of 0.4–0.5 in the
the experiment illustrated in Figures 3G–3I, single scannings of thepresence of 1 mM isopropyl 
-D-thiogalactoside (IPTG). The cells
field at 166 lps were collected automatically every 30 s over the firstwere harvested, washed, resuspended in IPTG-free fresh medium,
40 min after photobleaching. In all other time-lapse experiments,and divided into two portions, one of which was supplemented with
the plane of focus needed to be reset manually and averaged images1 mM IPTG as a control. Cell filamentation at 37C was monitored
(Kalman filtration of three to six images at 500 lps) were collectedmicroscopically over time.
manually at the indicated times for up to 5 hr. Fluorescence images,
integrated fluorescence intensity measurements, and fluorescenceImmunofluorescence Microscopy
intensity profiles were processed using Metamorph v. 4.6.Cells were fixed, permeabilized, and prepared for immunofluores-
cence microscopy as described previously (Jones et al., 2001). Anti-
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